Background: High-intensity progressive resistance training (PRT) improves adiposity and metabolic risk in adults, but has not been investigated in children within a randomized controlled trial (RCT). Objective: We hypothesized that high-intensity PRT (8 weeks, twice a week) would decrease central adiposity in children, as assessed via waist circumference. Methods Design/Setting/Participants: Concealed randomization stratified by age and gender was used to allocate rural New Zealand school students to the wait-list control or PRT group. Intervention: Participants were prescribed two sets (eight repetitions per set) of 11 exercises targeting all the major muscle groups at high intensity. Primary Outcome: Waist circumference; secondary outcomes included whole body fat, muscular fitness (one repetition maximum), cardiorespiratory fitness (peak oxygen consumption during a treadmill test), lipids, insulin sensitivity and fasting glucose. Results: Of the 78 children (32 girls and 46 boys; mean age 12.2(1.3) years), 51% were either overweight (33%) or obese (18%). High-intensity PRT significantly improved waist circumference (mean change PRT À0.8 (2.2) cm vs þ 0.5 (1.7) cm control; F ¼ 7.59, P ¼ 0.008), fat mass (mean change PRT þ 0.2 (1.4) kg vs þ 1.0 (1.2) kg control; F ¼ 6.00, P ¼ 0.017), percent body fat (mean change PRT -0.3 (1.8)% vs þ 1.2 (2.1)% control; F ¼ 9.04, P ¼ 0.004), body mass index (mean change PRT À0.01 (0.8) kg m À2 vs þ 0.4 (0.7) kg m À2 control; F ¼ 6.02, P ¼ 0.017), upper body strength (mean change PRT þ 11.6(6.1) kg vs þ 2.9(3.7) kg control; F ¼ 48.6, Po0.001) and lower body strength (mean change PRT þ 42.9(26.6) kg vs þ 28.5(26.6) kg control; F ¼ 4.72, P ¼ 0.034) compared to the control group. Waist circumference decreased the most in those with the greatest baseline relative strength (r ¼ À0.257, P ¼ 0.036), and greatest relative (r ¼ À0.400, P ¼ 0.001) and absolute (r ¼ 0.340, P ¼ 0.006) strength gains during the intervention. Conclusion: Isolated high-intensity PRT significantly improves central and whole body adiposity in association with muscle strength in normal-weight and overweight children. The clinical relevance and sustainability of these changes in adiposity should be addressed in future long-term studies.
Introduction
Obesity is on the rise internationally and the children and adolescents in New Zealand are no exception to this. [1] [2] [3] [4] Suboptimal physical activity levels are implicated in this epidemic, 5 and thus evidence-based exercise strategies that are safe, effective and appeal to children and adolescents are needed to address this trend. Progressive resistance training (PRT) has been shown to reduce adiposity, reduce insulin resistance and improve glycemic control in adults [5] [6] [7] and forms an integral component of many adult exercise programs, with its importance recognized by its addition to the current American College of Sports Medicine position stand 8 on the type, quantity and quality of exercises to be prescribed for adults. In adults, PRT has been shown to independently reduce the risk of coronary artery disease 9 and contribute to a reduced incidence of type 2 diabetes. 10 Higher muscle strength has been associated with a reduced risk of metabolic syndrome 11 and cardiovascular disease 12 , and larger muscle mass has been associated with improved insulin sensitivity. 6 Recently we found in 10-to 15-year-old children that higher upper body strength and lower waist circumference were independently associated with better insulin sensitivity. 13 In addition, we found that both muscular strength and cardiorespiratory fitness (CRF) provided protection from higher insulin resistance in this cohort, 13 as reported in recent adult data.
11
High intensity resistance training may provide equal or greater metabolic benefit than other forms of exercises. 14 Virtually no study of isolated low intensity PRT shows change in adiposity or improved insulin sensitivity, 15 whereas high-intensity PRT has been shown to reduce visceral fat, 5 glucose control and insulin resistance 6, 7 in obese and diabetic adults. 16 Position statements from numerous national organizations now advocate the use of supervised resistance training with children and adolescents. [17] [18] [19] [20] [21] [22] [23] However, there are limited robustly designed studies on which prescription guidelines can be based. In addition, to our knowledge there are no randomized controlled trials (RCT) of high-intensity PRT as an isolated intervention in children with adiposity as a primary outcome. Thus, we hypothesized that highintensity PRT (8 weeks, twice a week) would decrease waist circumference in children and adolescents aged 10-15 years compared to wait-list controls.
Methods

Study population and design
Computer-generated concealed randomization stratified by age and gender was used to allocate rural New Zealand intermediate or high school students to either the notreatment wait-list control or PRT group. Randomization was implemented using individual opaque envelopes by a person independent of the investigators. Randomization occurred between September 2003 and July 2004, after baseline testing had been completed. Baseline testing was conducted over a mean of 11.9 (3.1) days in the control group and 12.4 (3.1) days in the exercise group, followed by 8-weeks of the allocated intervention (PRT or wait-list control), and followup testing was conducted over a mean 7.3(2.5) and 7.1 (3.4) days for the control and exercise groups, respectively. Eligibility requirements were, Intensity and progression. The rating of perceived exertion (RPE) 6-20 scale 26 was utilized to determine the training intensity and progression. Exertional perception during resistance training increases linearly with work in both children and adults. 27 Each participant's workloads were prescribed on an individual basis using their one repetition maximum results during the initial orientation and RPE ratings (by the participant and supervisor) after each training session to maintain an intensity of 15-18, which is consistent with high intensity training (using loads of approximately 80% of peak strength; M Fiatarone Singh, unpublished data). The total amount of weight lifted during a participant's last training session over the two sets of 11 exercises (final total tonnage) and change in final tonnage (final total tonnageÀinitial tonnage lifted over the two sets of 11 exercises) was calculated. RPE compliance was calculated by obtaining the mean RPE rating of set one along with set two of the 11 exercises for 2-8 weeks of training.
Compliance. An adherence program grounded in cognitive behavioural theory was an integral part of the resistance training intervention. Compliance indices for attendance were calculated for the treatment group by dividing the total number of sessions attended by the number of training sessions prescribed, as a percentage; reasons for missed sessions were recorded. Intensity adherence was calculated from the mean RPE rating across all exercises and sessions for weeks 2-8. The control group received special invitations to attend movie afternoons twice during the intervention to maintain interest and contact with investigators. No instruction about physical activity outside of the study was given to either group.
Adverse events. Adverse events were defined a priori as any injuries or events that occurred during testing or training (musculoskeletal or cardiorespiratory). A proforma form was utilized by those supervising testing and training to capture the occurrence of any adverse event during testing or training, recording: date, time, observer, participant involved, incident details, whether the incident was considered to be likely directly due to the exercise or testing session, reasons and the actions taken.
Study measures
All baseline testing was double blinded (participant and assessor). Final testing (week 9) was single blinded (assessor) with the exception of strength and aerobic fitness. Tanner staging was done by confidential self-assessment.
Main outcome measures
The primary outcome was central adiposity, estimated via waist circumference. Secondary outcomes were body mass, bioelectrical impedance (BIA) fat mass, body mass index (BMI), 1 repetition maximum bench press and leg press, blood analysis (lipids, insulin, glucose, estimated insulin resistance (HOMA2-IR)) and peak oxygen consumption, with maturation as a covariate. Fat-free mass was measured with BIA as a potential covariate, but was not a hypothesized outcome (not anticipated to change over the time course of this intervention).
Anthropometric measurements
Body height was measured using a portable stadiometer (Seca220, Wedderburn) to the nearest millimetre and body mass was measured by a portable digital scale (Seca770, Wedderburn) to the nearest 0.1 kg, 28 
Fitness parameters
Cardiorespiratory fitness (CRF) was determined using a height-based treadmill walk protocol 35 (Powerjog Cardiosport JX200, Sport engineering Ltd, Birmingham, UK). Metabolic parameters were collected continuously using an automated computerized breath-by-breath metabolic cart (ParvoMedics2400 Truemax, Parvomedics Inc., East Sandy, UT, USA), precision error o0.05%, 36 to determine VO 2 peak.
We arranged all gas exchange data in 30-s intervals for analysis with VO 2 peak determined as the highest value of O 2 consumption measured during the test. 13, 37 Maximal muscular strength was measured using a progressive repetition maximal lift (1RM) protocol as follows: familiarization phase where participants were instructed on correct form and breathing and given 2-3 practice lifts with a light bar or no weight for the leg press; a warm-up phase of three lifts with weights selected to elicit a RPE on the Borg scale (6-20) of 15 by lift 3; a testing phase where lifts were progressively increased until the weight could not be lifted, despite verbal encouragement, on two consecutive attempts 90 s apart. There was a rest period of 60-90 s between lifts with 1RM determined in approximately 6-10 lifts. A 1RM supine bench press was utilized to assess upper body strength and lower body strength was assessed with a 1RM incline seated leg press with literature reporting test-retest reliability 40.93. 38 Total muscular strength was calculated by combining 1RM (kg) bench press and leg press and expressed as both absolute load lifted (kg) and normalized to body weight (kg lifted/kg of body weight). Coefficients of variance were TC, 1.1-1.6%; HDL-C, 1.9-2.3%; TG, 2.0-4.3%; Glucose, 0.8-2%; Insulin 4.4-5.2%.
Statistical analysis
All primary analyses compared the differences in primary and secondary outcomes between control and training groups using per-protocol analysis to provide information about the efficacy of the study, with participants who were lost to follow-up excluded from the analysis, with no imputation for missing data. The rationale for per-protocol analysis is the novelty of the study and the need to understand if an intervention has potential to modify risk factors before the effectiveness of dissemination is assessed. 41 Secondary analysis compared the per-protocol (efficacy) analysis with intention-to-treat (effectiveness) analysis with data brought forward from the last time point for any missing data.
All data were analysed using Statistical Package for Social Sciences (SPSS for Mac, vers11.0, SPSS Inc., Chicago, IL, USA). All data were inspected visually and statistically for normality prior to analysis, and were summarized as mean (s.d.) and 95% confidence intervals (CI). Non-normally distributed data were logarithmically transformed prior to use with parametric statistics. Group means were compared at baseline using 95% CI.
The study was a pre and post 2-group (treatment vs control) design with the group-by-time interaction for the primary and secondary outcomes investigated with GLM repeated measures analysis. Age and gender, variables used in randomization stratification, as well as maturation were investigated as covariates for adjusted repeated measures analysis. Relative effect size ((mean change treatmentÀmean change control)/s.d. pooled baseline), bias corrected (Hedges) and 95% CI were calculated. 42 Simple and forward stepwise multiple regression models were performed to determine the predictors for the mechanism of change in logwaist circumference. The change in logwaist circumference (post minus pre) was the dependent variable, the postulated independent predictors were baseline HDL-C, TC:HDL-C ratio and relative upper body strength; percentage change of relative upper body strength and FM for the group as a whole. All of these variables significantly related to the change in logwaist circumference during univariate regressions were considered for inclusion in the multiple regression models. Colinearity was defined as correlation 40.7 and low (p0.1) coefficient tolerance (1ÀR 2 ) and was used to assess which variables could be included together in the same stepwise regression model. A two-tailed P-value of o0.05 was accepted as statistically significant. Clinical relevance was judged by assessing the magnitude of the effect sizes observed and comparison with intervention results from adult studies of exercise and insulin resistance.
Results
Participant flow is presented in Figure 1 . Two of the three schools invited to participate agreed, resulting in invitations to 491 10-15 year olds, of whom 78 (male ¼ 46, female ¼ 32) gave their informed consent. From the initial 78 participants recruited, 10% dropped out of the study (exercise n ¼ 5, control n ¼ 3).
Self Groups were comparable at baseline except that waist circumference (logwaist circumference) was nonsignificantly higher (Table 1) 43 in the training group while normalized strength (1RM upper body strength/body mass and 1RM total strength/body weight) were nonsignificantly higher in the control group (Table 1) .
Compliance and adverse events
The mean attendance compliance was 77% (20.3%) without the three participants who withdrew before training began ( Figure 1 ). The intended high intensity of loading was achieved, with average ratings of perceived exertion at 15.6 (0.61). No adverse events occurred during the 284 maximal strength tests and the 405 PRT hours conducted as part of this study.
Primary analysis: per-protocol analysis Primary and secondary outcomes. Waist circumference was significantly improved (reduced) in the PRT group compared to an increase in the controls (F ¼ 7.59, P ¼ 0.008; Figure 2a (Table 2) . 42 Increase in HDL-cholesterol approached statistical significance with PRT, whereas other metabolic parameters and aerobic capacity did not change over the 8 weeks or between groups (Table 2) . Gender, age and maturation were assessed as potential covariates for adjusted repeated measures analysis and did not affect significance (interaction of logwaist circumference by group with gender (F ¼ 8.08, P ¼ 0.006); age (F ¼ 7.59, P ¼ 0.008); and maturation (F ¼ 7.28, P ¼ 0.009); rest of data not shown) therefore no additional models were constructed.
Baseline predictors of change in waist circumference. We tested baseline characteristics for their ability to predict which participants improved over time (that is, had the greatest reductions in central adiposity). The decrease in waist circumference in the whole cohort was greatest in those at highest metabolic risk at baseline, that is, those with the highest body mass, fat mass and TC:HDL-C ratio and lowest HDL-C (Table 3) , as well as in those with the highest relative upper body strength (r ¼ 0.257, P ¼ 0.036). In the control group alone similar baseline predictors were identified, with the exception of cholesterol, this was in contrast to the exercise group alone where none of these baseline factors were predictors of waist circumference change (Table 3) . By contrast, improvement in central adiposity was not related to gender (r ¼ 0.118, P ¼ 0.34), age (r ¼ 0.066, P ¼ 0.60) or maturation (r ¼ 0.065, P ¼ 0.60) in the whole group; similar results were found for the exercise-only and control-only groups (data not shown). Figure 1 Recruitment flow chart for per-protocol analysis. CRF, cardiorespiratory fitness; 1RM, 1 repetition maximum.
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Multiple regression models were utilized to investigate the overall (multiple regression) and independent (stepwise regression) contributions to the variance in waist circumference from among the potential predictive variables identified above for the group as a whole. BMI, percentage fat and fat mass were not regressed with change in logwaist circumference due to their colinearity with waist circumference (data not shown).
In the multiple regression model for the whole group, the baseline variables HDL-C, TC:HDL-C ratio and relative upper body strength accounted for 11.4% (r ¼ 0.337, P ¼ 0.057) of the variance in the change in waist circumference (logWC). In the stepwise multiple regression model including these factors, baseline relative upper body strength was the only baseline characteristic independently and significantly related to the change in logwaist circumference (r ¼ 0.257, P ¼ 0.037).
Changes over time: predictors of change in waist circumference. Potential mediators or factors associated with the central adiposity change were explored by investigating the relationship of these factors to the change in waist circumference. The change in waist circumference was greatest in those with the greatest upper body strength gains and decreases in body mass and fat mass ( Figure 4 ; Table 3 ) and was greater in those with the greatest increases in fat-free mass (r ¼ 0.210, P ¼ 0.09) in the whole cohort. Similar relationships were present within the progressive resistance training group alone. By contrast, only changes in body mass and fat mass were predictors of change in waist circumference in the control group alone (Table 3) .
In a multiple regression model, the change in fat mass (partial r ¼ 0.491, Po0.001) and percentage change in relative upper body strength (partial r ¼ À0.265, Po0.001) both remained during stepwise analysis and independently and significantly accounted for 39.6% (r ¼ 0.630, Po0.001) of the change in logWC for the group as a whole.
Relationship between compliance and outcomes. The progressive resistance training group adhered to the prescribed Resistance training and children: RCT AC Benson et al high-intensity regimen (15-18 RPE) with a mean intensity RPE of 15.6 (0.61) across both sets of the 11 exercises. The small variance in the ability to achieve the prescribed high intensity is the likely reason why mean intensity could not be used to predict adaptation to the intervention; with mean intensity not related to changes in any primary or secondary outcomes. Separate models were constructed with each primary and secondary change outcome as a dependent variable, and final total tonnage (the total amount of weight lifted during a participant's last training session) or change in tonnage (final tonnage minus initial tonnage) as independent predictors. In these models, neither final total tonnage nor change in total tonnage was related to change in waist circumference. The change in total tonnage over the intervention period did, however, significantly predict change in glucose (r ¼ À0.402, P ¼ 0.025). In addition, final total tonnage significantly predicted secondary outcomes, change in triglycerides (logtriglycerides; partial r ¼ À0.378, P ¼ 0.041), change in absolute total strength (partial Resistance training and children: RCT AC Benson et al , bias corrected (Hedges) and 95% confidence intervals (effect size Â bias correction factor (hedges) ± z-value Â s.e. of ES estimate) were calculated. 42 Total strength ¼ 1RM upper body+1RM lower body. r ¼ 0.396, P ¼ 0.034) and leg strength (partial r ¼ 0.375, P ¼ 0.046). Gender was added to each of the final total tonnage models, and no significant gender effects were observed, and significant relationships with final total tonnage remained similar to the unadjusted models (data not shown).
Secondary analysis: intention to treat
Secondary intention-to-treat analyses of all primary and secondary outcomes with imputation of missing data (data points for all variables were brought forward in the exercise group (n ¼ 5) and control group (n ¼ 3), with the addition of one data point for age, BMI, waist circumference (exercise group); two data points for BIA, 1RM lower body (exercise group) and BMI, waist circumference, bloods (control group); three data points for BIA and 1RM upper body (control); and four data points for 1RM lower body and total strength (control)) were similar to per-protocol analyses for repeated measures analysis except for an attenuation of the effect of PRT on absolute (F ¼ 3.15, P ¼ 0.080) and relative (F ¼ 2.41, P ¼ 0.13) lower body strength (rest of data not shown).
Discussion
This is the first time that a RCT of high-intensity progressive resistance training has been utilized as an isolated intervention to address adiposity and related metabolic outcomes in children and adolescents. We have shown that high-intensity progressive resistance training is feasible and able to significantly reduce central and whole body fat without a dietary intervention compared with increases in the controls in both normal and overweight/obese boys and girls aged 10-15 years.
Long-term large-scale interventions in adults have demonstrated that although only modest changes in waist circumference (2.9 cm) between intervention (including circuit weight training of strength/power training (CWT), aerobic exercise and diet) and control groups were obtained over a 3-year period 10, 44 or during a 1-year intervention of diet, aerobic exercise and CWT (1.9 cm change in waist circumference), 45 clinically important and statistically significant metabolic benefits were observed in these studies. In light of these health benefits associated with modest changes in waist circumference in adult cohorts, the significant change in waist circumference of 1.3 cm between the two groups in our study over only 8-weeks using high-intensity progressive resistance training may lead to clinically important longterm changes. Conceivably, intervention over a longer time period may yield increased body composition change and associated metabolic benefit. 10, 45 However, we recognize that actual clinical relevance in children must be demonstrated definitively via future long-term randomized controlled trials in high-risk cohorts, in order to substantiate and investigate sustainability and generalizability of our shortterm findings. Although dietary restriction is associated with initial weight loss it has not been found to be effective for longterm weight loss in adults 46 and children. 47 In a comparison of diet alone and diet combined with CWT 48 after 1 -year, only those that continued to exercise significantly decreased their body fat. In addition, dietary restriction has been shown to cause fat-free mass loss, which resistance training may be able to counteract. 46, 49, 50 Thus, high-intensity PRT may provide an adjunctive or alternative strategy for use with children and adolescents to address adiposity and its associated diseases that does not rely solely on a dietary intervention for effectiveness, at least in short term. Direct Resistance training and children: RCT AC Benson et al comparisons of isolated and combined progressive resistance training and dietary or nutritional approaches to overweight/obesity in children, in terms of long-term adherence and efficacy, remain to be conducted. Although resistance training is endorsed for use with this age group by many national bodies, [17] [18] [19] [20] [21] [22] [23] specific prescription for metabolic health is somewhat speculative as there are limited robustly designed studies on which efficacy can be defined. 51 Resistance training with children and adolescents has almost always been prescribed as an adjunct to aerobic training and/or dietary intervention and very often delivered using low-moderate intensity as circuit-based training. Randomized trials that draw the control and treatment groups from the same cohort and have resistance training as a single modality are extremely limited. All the four RCTs that addressed both adiposity and the metabolic outcomes of PRT utilized circuit training [52] [53] [54] [55] for the delivery of the PRT, and three 52, 54, 55 of these studies included a dietary intervention in addition to the PRT making it impossible to ascertain the individual contribution from each component of the intervention. In the one RCT of isolated low-moderate intensity circuit training (n ¼ 32), 53 the change in adiposity was opposite to our findings, with Weltman et al. reporting waist circumference significantly increased (2.4 cm) in the circuit training group compared with the control group who remained the same over a 14-week intervention. Dietary intake and habitual physical activity levels or total energy expenditure were not measured in this study, so it is unclear why these unexpected results may have occurred.
The mechanism by which progressive resistance training reduced body fat in our cohort requires further study, but it is notable that children who gained the most strength had the greatest reductions in central fat, while cardiorespiratory fitness remained unchanged, suggesting that the change was driven by the anabolic exercise itself, rather than nonspecific effects of study enrolment such as alterations in habitual diet or physical activity patterns outside of the study (which would have potentially altered cardiorespiratory fitness). In addition, the changes in central adiposity in the progressive resistance training group were associated with increases in strength, while in the control group alone strength change was not a significant predictive factor for the change in waist circumference. Adult studies have found that resistance training improves muscle mass, strength and insulin sensitivity 56, 57 and decreases visceral fat 5-7 although it is not clear whether these linked benefits are due to changes in energy expenditure (resting metabolic rate and physical activityrelated expenditure), muscle metabolism, insulin regulation, counter-regulatory hormones or adipokines induced by exercise. [58] [59] [60] In our short-term study, we did not hypothesize that fat-free mass would improve significantly or underlie the changes in fat mass or associated metabolic benefits, but in longer term progressive resistance training interventions in children it would be important to measure all body composition adaptations (muscle, bone, fat) to ascertain the relationships between adaptations in these body tissues during maturation. Future studies should include direct measures of visceral fat 61 itself as well as adipokine levels, and energy intake and expenditure, to provide further understanding of the mechanisms underlying the metabolic benefits associated with visceral fat reduction during exercise. One limitation of this study was that the participants were not selected for central adiposity. However, 51% of our sample were overweight or obese, and those with the greatest adiposity at baseline had the greatest reduction in central adiposity, suggesting potential generalizability of our findings to targeted cohorts of overweight children. However, since this relationship could represent regression to the mean, such generalizability remains to be demonstrated. Secondly, we did not utilize image analysis for body composition. However, waist circumference is highly correlated with such techniques in children. 62 and has been widely used as the primary measure of central adiposity in many diet and exercise intervention studies. 10, 45 Although we saw significant improvements with waist circumference alone, use of other methods may have improved the ability to see subtle changes, as well as localizing them to the subcutaneous or more metabolically important visceral space. Lastly, the wait-list control group were given less attention than the intervention group, and it is possible that such attention led to alterations in lifestyle (diet and activity patterns) related to study outcomes. However, the relationships observed between training intensity/strength gains, the observation that changes in adiposity and strength were predictive of the changes in waist circumference only in the training group, as well as unchanged cardiorespiratory fitness in both groups, suggest that attention was not primarily responsible for the intervention effect.
Conclusions
We have shown that 8 weeks of high-intensity PRT is feasible, and effective at decreasing adiposity without a dietary intervention in 10-15 year old children. Central adiposity is a major risk factor for metabolic syndrome and type 2 diabetes, conditions being increasingly diagnosed in younger cohorts throughout the world. PRT is a novel potential primary prevention strategy for healthy and higher-risk children that may improve a key component of the metabolic risk profile in children (central adiposity), as it does in adults. Future long-term studies of this exercise modality in large cohorts of children at elevated metabolic risk are indicated, to further establish its effectiveness, acceptability, safety and health-related benefits. 
